Hepatitis C virus (HCV) has been reported to be associated with cardiomyopathy. However, the mechanism of cardiomyopathy in chronic HCV infection is still unclear. Therefore, we investigate the development of cardiomyopathy in mice transgenic for the HCV-core gene. After the age of 12 months, mice developed cardiomyopathy that appeared as left ventricular dilatation, and systolic and diastolic dysfunction assessed by Doppler echocardiography. Histologically, hypertrophy of cardiomyocytes, cardiac fibrosis, disarray and scarcity of myofibrils, vacuolization and deformity of nuclei, myofibrillar lysis, streaming of Z-bands, and an increased number of bizarre-shaped mitochondria were found in HCV-core transgenic mice. These histological changes are just consistent with cardiomyopathy. In conclusion, the HCVcore protein directly plays an important role in the development of cardiomyopathy. H epatitis C virus (HCV) is a major etiologic agent of non-A, non-B acute, and chronic hepatitis. Moreover, HCV has been reported to be associated with several extrahepatic manifestations, such as cryoglobulinemia, glomerulonephritis, B cell non-Hodgkin lymphoma, porphyria cutanea tarda, oral lichen planus, and hyper-or hypothyroidism. [1] [2] [3] In addition, recent clinical studies have indicated a relationship between HCV infection and the development of hypertrophic-and dilated cardiomyopathy. 4,5 However, HCV-induced cardiomyopathy is still controversial, and the pathogenesis of these cardiac complications is not well understood.
H epatitis C virus (HCV) is a major etiologic agent of non-A, non-B acute, and chronic hepatitis. Moreover, HCV has been reported to be associated with several extrahepatic manifestations, such as cryoglobulinemia, glomerulonephritis, B cell non-Hodgkin lymphoma, porphyria cutanea tarda, oral lichen planus, and hyper-or hypothyroidism. [1] [2] [3] In addition, recent clinical studies have indicated a relationship between HCV infection and the development of hypertrophic-and dilated cardiomyopathy. 4, 5 However, HCV-induced cardiomyopathy is still controversial, and the pathogenesis of these cardiac complications is not well understood.
HCV may promote the development of cardiomyopathy by inducing continuous myocarditis, similar to other virus infections, whereby inflammatory response induces growth and cell death in cardiac cells. In this context, HCV has only an indirect association with cardiomyopathy. Alternatively, HCV may be directly involved in cardiomyopathy, via a viral product that is involved in regulating cardiac cells by perturbing the regulation of cardiac cells. In the present study, we tested this possibility by analyzing transgenic mice into which the HCV-core gene had been introduced.
Materials and Methods
Production of HCV-core gene transgenic mice has been previously described. In the mice, HCV-core expressed in brain, heart, lung, liver, and the other organs, and induced chronic hepatitis. 6 The male transgenic mice were mated with wild-type female mice. Mice from the next generation were separated into HCV-core gene negative (WT) and positive (HCV-core) groups by detecting exogenous DNA in tail DNA samples.
Blood pressure (BP) and heart rate (HR) of the conscious mice were measured using the tail-cuff method. Echocardiography, Northern blot hybridization, and electrophoretic mobility shift assay were performed as previously described. 7 For the light microscopic study, tissue sections were stained with hematoxylin and eosin and collagen-specific Sirius red. Each field was digitized and average myocyte cross-sectional area was measured. The interstitial fibrosis area was calculated as the ratio of the sum of the total area of interstitial fibrosis to the sum of the total area of the section. For immunohistochemistry, sections were reacted with rabbit anti-HCV-core antibody (RR8) followed by Alexa 594-labeled anti-rabbit IgG. 8 For the electron microscopic study, ultrathin sections were stained with uranyl acetate and lead citrate. The immunogold electron microscopic procedure was performed using RR8 followed by goat anti-rabbit IgG colloidal gold particles. 8 The results are expressed as meanϮSE. Statistical significance was determined using the t test. Differences were considered statistically significant when PϽ0.05.
Results
BP (WT, 110Ϯ3.6 mm Hg; HCV-core, 105Ϯ4.2 mm Hg) and HR (WT, 714Ϯ8.4 bpm; HCV-core, 694Ϯ19.4 bpm) did not change between WT and HCV-core at the ages of 12 months. Although body weight (WT, 35Ϯ1.4 g; HCV-core, 34Ϯ0.8 g) was no significant difference, ventricular weight/body weight of HCV-core mice was significantly higher than that of WT mice (WT, 4.3Ϯ0.2 g/kg; HCV-core, 4.8Ϯ0.1 g/kg; PϽ0.05).
As shown in Figure 1A , the serial echocardiographic examination revealed that the functional parameters of HCVcore male mice began to change between 6 and 9 months of age. Then, the mice analyzed at 12 months had significantly increased left ventricular end-diastolic and end-systolic dimension (LVDd and LVDs), decreased fractional shortening (FS) and ejection fraction (EF), and increased E wave/A wave velocity ratio (E/A). Figure 1B shows the left ventricular cavity of HCV-core mice is larger than that of WT mice. Myocardial mRNA ( Figure 1C ) and protein ( Figure 1D ) expression of HCV-core were observed in only HCV-core mice. Figure 1E shows that myocardial mRNA expression of atrial natriuretic peptide (ANP) and brain natriuretic peptide Figure 1F shows that myocardial activation of activator protein-1 (AP-1) did not change at 6 months. However, it is significantly activated in HCV-core mice at 9 and 12 months, compared with WT (1.3Ϯ0.2 and 1.5Ϯ0.1 fold, PϽ0.01, respectively). The activation of nuclear factor-B (NF-B) did not change between the two groups. As shown in Figure 2A and 2B, hypertrophy of cardiomyocytes, disarray of myofibers, scarcity of myofibrils, vacuolization, and pleomorphic nuclear changes were observed in HCVcore mice at 12 months. No infiltration of lymphocytes was observed at 6, 9, and 12 months of age, thereby suggesting that apparent myocarditis were absence. The cardiomyocyte crosssectional area in HCV-core mice is larger than that of WT (WT, 210Ϯ14 m 2 ; HCV-core, 256Ϯ18 m 2 ; PϽ0.01). As shown in Figure 2C and 2D, cardiac fibrosis was observed in HCV-core mice (WT, 0.9Ϯ0.4%; HCV-core, 4.9Ϯ0.5%; PϽ0.01). TUNEL-positive nuclei/cardiomyocyte area was not significantly different between the two groups (data not shown). Electron microscopic examination shows that irregular shaped nuclei, myofiber disorganization, myofilament loss, an increased number of bizarre-shaped mitochondria ( Figure 2F ), Z-band abnormalities ( Figure 2G, arrows) , aggregation of mitochondria ( Figure 2H ), and cavity formation of mitochondria ( Figure 2I ) were observed in HCV-core mice. The expression of HCV-core protein was mainly observed in mitochondria ( Figure 2K , arrows). 
Discussion
HCV-core protein is a major component of viral nucleocapsids and regulates the growth of hepatocytes by affecting the transcription of cellular protooncogenes such as ras oncogene, c-myc, and c-jun. 9,10 Therefore, HCV-core protein in liver cells is strongly related to transformation of the liver cells.
In the present study, to determine the long-term effects of HCV-core expression on the heart, Doppler-echocardiography was performed in mice at every 3 months. Then, male HCV-core mice analyzed at 12 months of age had the dilatation of the LV cavity and systolic dysfunction. The abnormal left ventricular inflow pattern (increased E/A) may suggest diastolic dysfunction. Myocardial mRNA expression of ANP and BNP, which are useful markers of hypertrophic response in the cardiomyocyte, 11 was enhanced in HCV-core mice, thereby supporting the results of cardiac dysfunction by echocardiographic assessment. Although there was a possibility that the injuries of the other organs such as kidney or endocrine glands by HCV-core may cause cardiomyopathy, BP, HR, and body weight did not change between the two groups and pleural effusion was not observed in HCV-core mice, thereby suggesting that pressure overload and/or water retention may be not the cause of cardiomyopathy in this model. As one of the molecular mechanisms of the long-term effects of HCV-core expression in heart, myocardial AP-1 was activated in HCV-core mice at 9 months when the functional parameters began to diverge from WT mice. It has been demonstrated that AP-1 is activated in the liver of HCV-core mice, and suggested that this pathway may contribute to hepatocarcinogenesis. 10 We have previously reported that activation of AP-1 induced cardiomyocyte hypertrophy, 11 and the activation was observed in progressive ventricular remodeling. 7 Taken together with these findings, myocardial AP-1 activation by HCV-core may be one of the important pathway for cardiomyopathic changes in this model. In histological examination, cardiomyocytes hypertrophy and cardiac fibrosis were often observed in HCV-core mice. Electron microscopic examination shows myofibrillar and mitochondrial abnormalities in HCV-core mice. These histological changes are just consistent with cardiomyopathy. 12 Furthermore, it is demonstrated that mitochondrial abnormalities were partially related to dilated cardiomyopathy. 13 Interestingly, the expression of HCV-core was observed in mitochondria of cardiomyocyte as same as that of liver, 14 thereby suggesting the possibility of mitochondrial dysfunction by HCV-core directly.
In conclusion, our observations demonstrate that the expression of the HCV-core gene results in progressive morphological and functional changes that ultimately result in the development of cardiomyopathy. Our results indicate that chronic myocarditis is not an absolute prerequisite for the cardiomyopathy, and that HCV itself is directly involved in the development of cardiomyopathy.
